Foldamers can be made more than pieces of static, conformationally uniform molecular architecture by designing into their structure the conformational dynamism characteristic of functional molecular machines. We show that these dynamic foldamers display biomimetic properties reminiscent of allosteric proteins and receptor molecules. They can translate chemical signals into conformational changes, and hence into chemical outputs such as control of reactivity and selectivity. Future developments could see dynamic foldamers operating in the membrane phase providing artificial mechanisms for communication and control that integrate synthetic chemistry into synthetic biology.
Synthetic structures and synthetic function
Nature extracts vast diversity of function from a limited collection of molecular structures. The requirement for the structures of functional molecules to be encoded in genetic information in a parsimonious and evolvable way means that the core features of both structure and reactivity in living systems emerge from simple linear sequences of proteins and peptides. The ribosome is the most marvellous molecular structure in the known universe, 1 but it can do only one thing: make polymers of a small collection of a-amino acids. The control of biosynthetic pathways by enzymes means that even the wider chemistry of other primary and secondary metabolites is but an 'extended phenotype' 2 of protein function (Fig. 1) .
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Jonathan Clayden completed a PhD at the University of Cambridge in 1992 with Dr Stuart Warren. After postdoctoral work in Paris with Prof. Marc Julia, he moved in 1994 to the University of Manchester, and in 2015 to the University of Bristol. He has research interests in synthesis and stereochemistry, particularly where conformation has a role to play: asymmetric synthesis, atropisomerism, organolithium chemistry, and synthesising biomimetic function using dynamic foldamers. He has published 250 papers, and is a co-author of the widely used undergraduate textbook ''Organic Chemistry'' (OUP, 2nd edn, 2013), and ''Organolithiums: Selectivity for Synthesis'' (Pergamon, 2002) . direct recourse to the chemistry of life (the 'total synthesis of natural products') reached its zenith in the last decade of the millennium. 4 But in parallel a new approach was developing: the direct synthesis of biomimetic function. 5 Functional mimicry need not imply structural homology, and molecules were designed and synthesised having some of the key conformational characteristics of their natural counterparts, but built from non-biological precursors. These molecules are foldamers 6-10 -extended molecular structures with (in Gellman's definition) 'a strong tendency to adopt a specific compact conformation'. 6 Foldamer chemistry has been immensely successful in mimicking structural motifs such as helices, sheets, columns, and cavities in the solid state, and in many cases also in solution. Well defined foldamer architectures can imitate biomolecular structures by binding guests [11] [12] [13] [14] or biomolecules, 15 or catalysing reactions selectively. [16] [17] [18] Although a classically ideal foldamer adopts a single conformation, we shall contend in this article that an overemphasis on conformational uniformity may limit chemists' ability to design and synthesise foldamers that mimic some of the wider functions of biomolecules. Most classes of proteins are not fully rigid, 19 and indeed many proteins have segments fully devoid of tertiary structure, or have tertiary structures that become well defined only on binding a ligand. 20, 21 In several classic examples, 22 binding of a ligand induces conformational changes that lend a degree of environmental control to the function of a protein. In allosteric proteins such as haemoglobin, the conformational change induced by binding of one oxygen ligand enhances the protein's affinity for others. 22 In membrane-bound receptors of the G protein-coupled receptor (GPCR) class, a change in conformation induced by binding to an appropriate ligand leads to modulation of the affinity of the receptor for its partner G protein. 23 In rhodopsin, a switch from E to Z in the geometry of one double bond of a bound ligand (retinal) stimulates switching between alternative alignments of membrane-spanning helices, also inducing binding of the G protein transducin, and leading ultimately to induction of a nerve signal. 24 In this review, we describe our response to these aspects of biomolecular function in the design, synthesis and exploitation of foldamers that display dynamic features of conformational switchability and environmental responsiveness. We show how the conceptual range of foldamers may be expanded to include extended molecular structures with a 'strong tendency' 6 to adopt not just one, but multiple favoured conformations, while still retaining structural definition. We shall also review some simple spectroscopic methods that we developed for quantifying that term 'strong'. Finally we outline some structural features that have been introduced into dynamic foldamer molecules that allow controlled switching between these alternative structures.
Dynamic helical structures
One of the most common structural motifs adopted by foldamers (and indeed by natural biomolecules) is the helix. [25] [26] [27] [28] This is for good reason: a helix results when a sequence of identical threedimensional shapes are stacked in such a way that adjacent members of the stack are all related by the same translational vector ( Fig. 2 ). 29 Much of the work that has been carried out in the field of foldamer chemistry has been essentially directed towards ensuring the conformational uniformity implied by this repeated translational vector takes on a physical reality. A helix is a chiral structure, and a pair of left and right-handed (M and P) conformations are enantiomeric (and therefore of equal energy) if the helix is built from achiral monomers ( Fig. 2a ), but diastereoisomeric (and therefore of unequal energy) if the helix is built from chiral monomers ( Fig. 2b ). Natural biopolymers, and many synthetic foldamers, are built from enantiomerically pure chiral monomers, and hence adopt preferentially one of these two (right-handed, in the case of protein a-helices and a typical DNA double helix; left-handed, in the case of Z-DNA and collagen) [30] [31] [32] diastereoisomeric conformational alternatives.
Although they are far less abundant than helical oligomers of chiral monomers (for reasons that we plan to discuss in detail elsewhere), a number of helical polymers and oligomers built from achiral monomers have been described. 7, 28 Some of these (polyisocyanides, 33 and longer polyamides of aromatic amino acids 34 for example) exist as stable, separable left-and right-handed screwsense enantiomers and are chiral structures, even in solution. Others (aromatic polyureas for example 35 ) are helical in the solid state but tend to collapse into random coils in solution.
Importantly, though, a few classes of achiral polymers retain helicity in solution while interconverting rapidly (on a timescale of seconds or less) between their enantiomeric conformers. 36 We call these inverting helices 'configurationally achiral', because even though their global conformation is chiral, they contain no configurationally stable elements of stereochemistry ( Fig. 3 ). Configurationally achiral helices include polyisocyanates ( Fig. 4a ), 37 shorter polyamides of aromatic amino acids ( Fig. 4b ), 38 polyamides of the achiral aliphatic amino acids 2-aminoisobutyric acid (Aib) (Fig. 4c ) 39 and related achiral quaternary a-amino acids, 40 and polyamides containing alternating Aib and didehydrophenylalanine (DPhe) residues ( Fig. 4d ). 41 Oligomers of Aib typically adopt a 3 10 helical geometry [42] [43] [44] consisting of repeated b-turns, and Fig. 4e illustrates the three-and-a-half helical turns of the screw-sense labile but reliably helical conformation adopted by an achiral Aib undecamer N 3 Aib 11 OCH 2 CH 2 SiMe 3 . 45 Related configurationally achiral supramolecular helical structures are also known. 27, [46] [47] [48] These dynamic helical structures have a valuable property that we may loosely term 'line chirality' (by analogy with the term 'point chirality'). This is to say, within each conformer every point in the helix experiences the same local chiral environment, irrespective of its linear coordinate along the axis of the helix (Fig. 3 ). And, importantly, inversion of helical screw sense in a structure of complete helical fidelity (that is, one in which only uninterrupted helical conformations are populated) likewise inverts the local chiral environment of every point within the helix. A dynamic, screw-sense invertible helix may thus in principle be used as a communication device: conformational uniformity ensures that the adoption of a particular helical screw sense by any point in the helix must be communicated to all other points in the helix.
Circular dichroism (CD) spectroscopy has generally been the technique of choice for the study of helical oligomers in solution: the repeated geometric relationship between chromophores in adjacent monomers gives rise to an identifiable Cotton effect associated with a specific detailed helical geometry. 49 However, for configurationally achiral helices, in which left and 
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right-handed screw senses are equally populated, the Cotton effects cancel and no CD spectrum can be observed. This has limited chemists' ability to observe directly the solution-state conformations of helices built purely from achiral monomers. The barriers to inversion of screw sense in achiral polyisocyanates 37 (DG ‡ E 90 kJ mol À1 at 100 1C, Fig. 4a ) and oligo-Aib amides 50 (DG ‡ E 46 kJ mol À1 at À8 1C, Fig. 4b ) were established by dynamic NMR studies. These and other helical but achiral oligomers (such as oligomers of aromatic achiral amino acids) trivially fail to conform to Gellman's definition 6 of a foldamer: they populate two (enantiomeric) conformations rather than one. This may seem a quibble, but it is a conceptually fecund one, because the equal populations of screw-sense conformers of a configurationally achiral parent oligomer may be usefully perturbed by the introduction of a relatively small chiral conformational influence. In the polyisocyanates, even asymmetric isotopic substitution in a fraction of the monomers (the 'sergeants and soldiers' principle) 51 or attachment of a (photochemically switchable) chiral terminator unit 52 is sufficient to bias the helical conformation towards one screw sense. 53, 54 In oligo-Aib structures ( Fig. 4c ), [55] [56] [57] and their close relatives, 58, 59 including the didehydrophenylalanine-containing oligomers studied by Inai and coworkers ( Fig. 4d ), 60-63 a single chiral terminal or medial residue is sufficient to induce some degree of preferred screw sense, 57 as is a hydrogen-bonded interaction with a chiral partner. 41, [64] [65] [66] [67] Because these dynamic helices can exhibit helicity with or without a preferred screw sense, we find it productive to distinguish clearly between these two terms. A compound displays 'helicity' if it adopts a helical secondary structure (rather than a linear, zig-zag, or random coil alternative); we use the term 'screw sense' to refer to each enantiomeric conformation of that overall helical secondary structure. Thus 'helicity preference' (helical vs. random coil conformations for example) may be distinguished from 'screw-sense preference' (M vs. P screw sense): the achiral helices of Fig. 4 have a powerful helicity preference but exhibit no screw-sense preference.
NMR quantifies conformational preference in dynamic foldamers
Detailed NMR studies of the structures of achiral Aib oligomers bearing terminal chiral substituents allowed us to quantify accurately the level of screw-sense control induced in the helix by different chiral terminal residues at either the N 39, 68 or the C terminus. 69 Values of screw-sense preference had previously been derived in other oligomers by comparing CD spectra with compounds supposed to have a single enantiomeric preference, 70, 71 or by using NMR to measure ratios of diastereoisomeric conformers interconverting slowly on the NMR timescale. 38 Our quantitative NMR approach was made possible by a spectroscopic feature displayed by two 'reporter' groups, A and B, embedded in a helical but configurationally achiral oligomer (Fig. 5a ). In the chiral environment of the helix, A and B become diastereotopic, experiencing different chemical environments and giving distinct signals in an NMR spectrum ( 13 C in the case of A = B = CH 3 ; 1 H in the case of A = B = H; 19 F in the case of A = B = CH 2 F or FC 6 H 4 ). If the screw sense of the helix inverts slowly on the NMR timescale, the two signals will be resolvable, with chemical shift difference Dd slow . If the helix inverts rapidly on the NMR timescale (typically rates of 0.1-1 Â 10 3 Hz) the two signals will coalesce and give rise to a single signal. Fig. 5b shows this effect in the 13 C NMR spectrum of an achiral Aib 9 helix, in which the middle residue (Aib**) is 13 C labelled in both of its methyl groups, on raising the temperature from 233 K through the coalescence temperature to 273 K.
The situation is subtly different if the two screw-sense conformers of the helical oligomer are in equilibrium but are not equally populated -for example by virtue of a covalently or non-covalently bound chiral influence that affects the screw-sense conformer distribution but does not directly influence the chemical shift of A and B (represented schematically in Fig. 5c , and with an example in Fig. 5d ). In such an event, the slow exchange spectrum will be identical with the equally-populated system, but at fast exchange weighted averaging leads not to a single signal but to two new signals, separated by a new chemical shift difference Dd fast . Fig. 5d illustrates the change in line shape of the 13 C NMR signals in oligomer Cbz-L-ValAib 9 Ot-Bu 13 C-labelled in its middle Aib residue, on raising the temperature from 233 K to 273 K.
Because the two screw-sense conformers P and M contributing to the fast exchange spectrum are present in relative populations of 1 : K eq , Dd fast /Dd slow = (K eq À 1)/(K eq + 1) . We have used the method with 1 H-containing, 68,72 13 C-containing 30,39,69,73 and 19 F-containing 74 reporters, and the quantitative interpretation of Dd fast /Dd slow as a measure of screw-sense preference has been validated by comparison with data obtained by line shape analysis, 39 from the linear relationship between Dd fast /Dd slow using different NMR reporters 74 and also between Dd fast /Dd slow and molar ellipticity in CD spectra. 72 A drawback of this NMR method using a geminal pair of reporter groups in an achiral residue is that it cannot report on whether an M or a P helix is preferred-in other words, the sign of the screw-sense preference remains undetermined. However, CD studies correlated with data from the enantiomerically enriched, isotopically labelled 13 C NMR probe discussed below 30 have allowed the major screw sense to be assigned with confidence in most cases. Some values for the screw-sense preference induced by covalently linked residues at the N or C terminus are summarised in Table 1 .
Conformational persistence and signal decay
The values for helical excess (h.e.) obtained from these studies can be considered comparable in meaning to the CD-derived 
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screw-sense excess (s.e.) values reported by Suginome. 70, 71 However, unlike CD, NMR reports the conformational preference at a single site in the oligomer chain. 77 For this reason, it can be used not only to quantify global conformational preferences, but also to assess the variation of conformational preference within a foldamer chain. By synthesising a series of oligomers carrying 13 C labels at each position in a chain of Aib residues, 78 we were thus able to observe the way that an initial screw-sense preference induced locally by a chiral residue decays exponentially (but remarkably slowly) as the chiral influence becomes more distant (Fig. 6 ). 76 The spatial decay constant is at a minimum in non-polar solvents, but is increased by solvents with more powerful dipoles or hydrogen-bonding properties. Quantitative comparisons can be made: in THF, at 23 1C, there is only a 0.5% drop in helical excess at the chain terminus each time the chain is extended by a further Aib residue, while the equivalent value in MeOH is 6.1%. A separate study 79 measured the ability of a range of alternative achiral amino acids to 'communicate' a screwsense preference between two helical domains and found that in MeOH quaternary amino acids communicated a conformational preference highly effectively (490% fidelity), while a single Gly or b-alanine led to loss of about 50% of the conformational signal. More bulky achiral quaternary amino acids (e.g. 1,1-diphenylglycine) disrupted the helical conformation and prevented communication of helical screw sense. Similar NMR measurements should be possible in other achiral helical foldamers containing paired enantiotopic signals, provided NMR spectra can be measured in the fast exchange régime.
This decay in screw-sense preference must arise from the intrusion of occasional non-helical conformational features into the overall helical structure of the molecule -an indication of just how 'strong' its 'strong preference' 6 for helicity is. These conformational features are presumably localised, rare helix reversals that occur transiently. Their detailed structure is of interest because they offer an insight into the mechanisms of screw-sense reversal in helical foldamers, and are consequently the subject of further studies currently under way. 80 Nature apparently also makes use of the conformational properties of dynamic foldamers which are reliably helical but in which screw sense is poorly controlled. Part of the structural inspiration for our work in this area was the observation that the fungal metabolites known as peptaibiotics 81 apparently adopt well defined screw senses in the solid state, despite the fact that parts of their structure contain relatively few chiral residues embedded in a largely achiral chain. The solid state structure of cephaibol C (Fig. 7) and cephaibol A contain at their N terminus a stretch of right-handed 3 10 helix in which only the N-terminal Phe residue and the Leu at residue 7 are chiral. 82 During our work on conformational preferences in structures such as those illustrated in Table 1 , we noted that an N-terminal L-amino acid adjacent to a sequence of Aib residues does not typically induce a right-handed screw sense, 30, 83 and in a sequence Ac-L-Phe-Aib 4 -Gly-L-LeuÁ Á Á the L-Phe and L-Leu residues are expected to be mismatched in their conformational properties, inducing opposite screw senses and disfavouring the adoption of a uniform conformation. To test this hypothesis, we made four 'cephaibologues'-diastereoisomers of the N-terminal nonapeptide of the cephaibols (Fig. 7) . We found that indeed the diastereoisomers A and D that correspond most closely to the relative configuration of the natural structures are less conformationally uniform than the unnatural diastereoisomers. 84 The Trichoderma fungi producing the cephaibols seem to have evolved to produce compounds which have dynamic conformational properties, possibly because these properties enhance the membrane activity required for them to function as antibiotics. 45 Dynamic screw sense switching detected by 13 
C NMR
In the case of 13 C labelled Aib foldamers, an additional piece of conformational information may be gained by the incorporation of an isotopic 13 C label enantioselectively into one of the two geminal methyl groups of an Aib residue. 85 The pro-R methyl group of an Aib residue embedded in a right-handed Fig. 6 The screw-sense preference exhibited by an Aib oligomer (as reported by chemical shift difference Dd) decays as a terminal chiral influence becomes more distant. (a) Chemical shift differences were measured in a series of three 'frame-shifted' oligomers each containing three pairs of abundance-labelled (100%, 50% or 25%) 13 helix appears reliably at higher field than the pro-S residue 86 (though the locations are inverted in an esterified C-terminal Aib residue). Thus, the major 13 C signal from a single 13 C-labelled residue R-Aib* in a right-handed helix will appear as the upfield member of the diastereotopic pair (so, memorably, R@P = 'on the right'). While the chemical shift separation of the two signals reports the magnitude of the local screwsense preference of the oligomer, the location of the major 13 C NMR signal in the upfield or downfield signal therefore indicates the left or right-handed chirality of the screw-sense preference at that point in the oligomer. 30 Thus the starting chiral oligomer shown in Fig. 8 , which is preferentially labelled with 13 C in the pro-R methyl group of its C-terminal Aib* residue, displays in its 13 C NMR spectrum a pair of signals separated by 0.75 ppm. This indicates that it adopts a screw-sense preference of about 33% h.e. In addition the major peak is upfield of the minor, confirming that the helix is an interconverting mixture of which the predominant conformer is left handed (the label being in a C-terminal ester). 87 The N-terminal ester-bearing stereogenic centre is however also invertible: methanolysis to the alcohol and treatment under Mitsunobu conditions gives its enantiomer. The 13 C NMR spectrum clearly indicates that a local inversion of conformational preference has taken place at the C terminus of the oligomer. Inversion of the configuration of the single controlling centre in the oligomer leads necessarily to inversion of the screw-sense preference of the equilibrating mixture, and information about this stereochemical inversion is transmitted through the induced conformational preference in the helix.
A similar dynamic inversion of screw-sense preference can be achieved by exploiting the fact that the functionality at the C terminus of an Aib oligomer affects local secondary structure in such a way that the presence or absence of a single hydrogen bond can lead to a reversal of screw-sense preference. This feature, first observed in the tendency of C-terminal esters to exhibit reversed screw-sense preference relative to C-terminal secondary amides 69 (see Table 1 ), was exploited in a pH-dependent switch 88 in which the removal of a hydrogen bond by basepromoted deprotonation led to inversion of screw-sense preference. The C-terminal NH group in an Aib oligomer was selectively acidified by amidation with a tren ligand and complexation with a Lewis acidic Zn 2+ cation ( Fig. 9a and b) . 89 Sequential addition of OH À (Fig. 9c and e ) and H + (Fig. 9d and f) ions caused Fig. 7 (a) The structure of cephaibol C, and (b) the CD spectra of four diastereoisomeric 'cephaibologues' corresponding to its N-terminal nonapeptide sequence. The most conformationally well defined (B and C) are diastereoisomers of the less well defined structures A and D whose structures match most closely the relative configuration of cephaibol C itself. Fig. 8 The stereochemical consequence of inversion of configuration at an ester-bearing centre is detected by a remote 13 C NMR reporter of conformational preference. The two diastereotopic methyl groups of the C-terminal labelled Aib residue are differentially enriched in 13 C (pro-R in red 75% 13 C; pro-S in green 25% 13 C). Inversion of screw-sense conformation that results from a remote inversion of N-terminal configuration exchanges their positions in the 13 C NMR spectrum. Note that in this case, the major signal is (unusually) upfield in an M helix because the R-Aib* residue is a C-terminal ester.
repeated switching of the foldamer between a predominantly right-handed and a predominantly left-handed conformation.
A dynamic foldamer as a biomimetic artificial receptor
In a typical biological receptor, a conformational change results from the reversible binding of a ligand with a binding site. 90 An artificial mimic of this function would provide an important link between synthetic chemistry and synthetic biology, and offer the possibility of designing complex artificial molecular communication systems. In our early investigations, we chose to ensure an intimate connection between ligand and receptor by using reversible (dynamic) covalent chemistry. Boronic acids are well known to form, reversibly, cyclic boronate esters by condensation with diols. 91 A series of Aib*-labelled oligomers were made carrying an amino-boronate function at their N terminus (Fig. 10a ). 92 In the absence of any diol ligand, 11 B NMR indicated that in deuterated methanol the receptor mimic adopted a cyclic azaborolidine structure at the N terminus, and 13 C NMR reported, as expected, no screw-sense preference in the achiral foldamer. Adding a chiral diol ligand led to spontaneous formation of the cyclic boronate ester, whose combined steric bulk and Lewis acidity promoted the formation of the Fig. 9 (a) A C terminal tren-Zn moiety acidifies an adjacent NH group (orange) in a dynamic foldamer allowing it to be selectively deprotonated and reprotonated by base and acid. The two diastereotopic methyl groups of the N-terminal labelled Aib residue are differentially enriched in 13 C (pro-R in red 70% 13 C; pro-S in green 30% 13 C). (b-e) 13 methanol-bridged boronate structure. Additionally, with a chiral ligand such as (À)-diisopropyl tartrate (DIPT) a preferred left-handed screw sense was induced in the Aib oligomer that was detectable in the 13 C NMR signals of the remote enantioselectively labelled Aib* residue (Fig. 10c) . By contrast, an achiral ligand (the meso diastereoisomer of a diol for example) was unable to induce a screw-sense preference. Just as ligands might vary in their binding strength at a receptor binding site, different diols displayed different equilibrium constants for formation of boronate esters under the conditions of the experiments. The characteristic binding strength of different ligands could hence be exploited in a series of experiments in which sequential ligands compete for the same binding site. After adding 2 equiv. of (À)-DIPT (K = 300 M À1 ) to the receptor (which induced a predominantly left-handed screw sense) the addition of 2 equiv. of the more strongly binding (+)-hydrobenzoin (K = 1500 M À1 ) led to the displacement of DIPT from the binding site and the consequent inversion of the screw sense in the receptor to a right-handed preference, indicated by an exchange in position of the major and minor peaks in the 13 C NMR spectrum ( Fig. 10d ). (+)-Hydrobenzoin thus acts as a competitive antagonist of (À)-DIPT. Even stronger binding was exhibited by (À)-pinanediol (K c 2000 M À1 ). Although chiral, pinanediol induced no screw-sense preference, probably because its greater steric hindrance prevents any interaction of the aminoboronate N atom with B. Pinanediol is an irreversible inhibitor of the artificial receptor. The further biomimetic credentials of the boronate-based receptor were evident in its ability to respond even to biological messengers such as adenosine (K E 625 M À1 ) and guanosine (K E 600 M À1 ), which both induced a left-handed screw sense, and uridine and cytidine (K 4 2000 M À1 ) the last of which induced a righthanded screw sense.
Dynamic modulation of foldamer conformation by competitive noncovalent binding in a multicomponent system
Despite the biomimetic character of the reversible and selective ligand binding at this 'purinergic' receptor, it nonetheless employs non-biomimetic reversible covalent bonding. Typical biological receptors bind ligands through non-covalent interactions. Inai has shown that achiral oligomers carrying basic binding sites exhibited a conformational response to binding whose strength depended on the nature of the hydrogen bonding between the ligand and the receptor. 41, [64] [65] [66] Advancing this concept, we sought a basic binding site that displayed selective 1 : 1 binding interactions with acidic ligands, and found that the 2-pyridylacetamide-terminated oligomers illustrated in Fig. 11 showed this property in the presence of either carboxylic or phosphoric acid ligands (Fig. 11a ). 93 Adding a chiral phosphoric acid to the foldamer induced a switch to a preferred screw-sense preference, evident in the induced 13 C NMR chemical shift difference in the C-terminal Aib** labels (Fig. 11b) . Adding ammonia to the mixture disrupted the interaction with the chiral acid, turning off the screw-sense preference. Adding hydrochloric acid restored the effect of the chiral ligand (Fig. 11b) . Complete transfer of a proton from the acid to the basic binding site to form ion pairs in chloroform is unlikely, so the reversibility of the influence of the chiral acid ligand on the receptor carrying the basic binding site is probably due to competitive hydrogen-bonding interactions of different strengths between the various acidic and basic species in solution.
By choosing acids with identifiably characteristic effects on the conformation of the receptor (strongly left-handed, strongly right-handed, or weakly left-handed) we found that we could force a receptor's conformation to cycle between these different preferences either by adding increasingly strong acids (a carboxylic acid, a phosphoric acid, or a triflamide) to the receptor (Fig. 12 ). 93 Even more intriguingly, a mixture of acids of different strengths could also be selectively silenced or activated by addition of increasing amounts of base, with the sequence reversed by acid. Fig. 12 shows how a four-component mixture of receptor and three acids behaves as a chemical system capable of 'counting' the number of protons available to it and reporting an output (a left-or right-handed screwsense preference) as a result.
The uncomplexed receptor (Fig. 12a) responds to the addition of a chiral carboxylic acid (in blue) by adopting a left-handed screw-sense preference (Fig. 12b) . Adding a stronger acid, the phosphoric acid shown in orange, displaces the carboxylic acid from the binding site and (for this enantiomer of the acid) induces a switch in screw-sense preference (Fig. 12c ). An even stronger acid still, the triflamide shown in red, further displaces the phosphoric acid and results in a second inversion to a weakly left-handed screw-sense ( Fig. 12d) . Now, addition of ammonia provides an alternative partner for the most acidic proton available, and thus disrupts the hydrogen bonded complex between the basic foldamer and the most acidic (red) triflamide, leaving the phosphoric acid (orange) free to reassociate with the dynamic foldamer, introducing again a right-handed screw-sense preference (Fig. 12e) . A second equivalent of ammonia likewise removes the proton from the phosphoric acid-foldamer complex, and allows the carboxylic acid to restore a preference for left-handed screw sense (Fig. 12f ). Finally a third equivalent of ammonia prevents association of any of the three acids with the dynamic foldamer, which thus reverts to its conformationally racemic native form (Fig. 12g) . The final three changes can each be reversed by readdition of HCl, which returns a proton to the system and neutralising the effect of the ammonia. The ability of the dynamic foldamer to report on the relative strengths of the different possible interactions between the components of complex mixture has analogies with the network of competitive interactions experienced by proteins in a cell. Future developments could lie in the direction of complex artificial control networks based on a type of molecular computation in which information is encoded in conformation. 94 
Photoswitching foldamer conformation
Closely related in structure and function to G protein-coupled receptors are the opsins -the proteins of vision. Human vision is mediated by rhodopsin, a modified G protein-coupled receptor that carries a covalently attached ligand in the form of retinal. Photochemical switching of retinal between the E and Z configurations at one particular double bond leads to a conformational change that is communicated through the molecule and ultimately leads to the propagation of the nerve signal. Feringa has shown that a photochemical switch can lead to inversion of helical screw sense of polymeric polyisocyanate, 52 although because detection of screw-sense preference used circular dichroism, no data was obtained on how far the information encoded in the conformational switch is communicated. We showed that photochemical stimulation may lead to an inversion of screw sense that propagates through the helical oligomer and consequently inverts the sense of asymmetry induced by a catalytic thiourea unit 95 located at the remote terminus ( Fig. 13 ). 89 The photochemical inversion made use of the same concept that had been applied to the Fig. 12 (a) A dynamic foldamer carrying a 13 C NMR reporter of conformational preference and functionalised with a basic pyridine binding site. (b) The dynamic foldamer forms a hydrogen-bonded complex in which a chiral carboxylic acid (blue) induces a conformational preference for lefthanded screw sense. (c) A chiral phosphoric acid (orange) induces a righthanded screw sense. (d) A chiral triflamide (red) restores a weak preference for left-handed screw sense. (e) Ammonia disrupts the hydrogen-bonded complex firstly of the most acidic triflamide ligand, then (f) of the phosphoric acid ligand and then finally (g) of the carboxylic acid ligand, returning the receptor to its native form. directed deprotonation of the oligomer shown in Fig. 9 . The starting tertiary amide contains no C terminal NH group, and as a result the C-terminal L-Ala residue (in blue) induces the oligomer to adopt a global left-handed helical structure, placing the locally achiral thiourea catalytic site in a chiral environment and allowing it to induce asymmetry in the catalytic addition of malonate to nitrostyrene to give an S product in 37 : 63 e.r. The transamidation of the (green) tertiary amide to an (orange) secondary amide by photochemical cleavage of the 5-bromo-8nitroindolinamide 96 in the presence of isopropylamine allows a new hydrogen bond to form, reorganizing the terminal portion of the helix into a right-handed screw-sense preference. This resulting screw-sense switched foldamer also catalyses the Michael addition of malonate to nitrostyrene, with the sense of selectivity reversed, giving the R product in 77 : 23 e.r.
Conclusions
Compounds that have a well defined but dynamic conformational structure offer opportunities to use synthetic scaffolds to mimic the features of natural molecules. The principal feature that divides biology from chemistry is information: no artificial chemical system has ever come even close to the informational complexity of even the simplest cell. 97 Nonetheless, dynamic foldamers allow spatial communication of information over distances that extend into the multi-nanometre range, in principle allowing communication across cell membranes (whose typical thickness is in the region of 4 nm). Future extensions of this work could allow artificial receptors to be built that function in a membrane environment. Such dynamic foldamers, potentially incorporated into cell membranes, would allow the construction of synthetic, controllable cellular compartments, providing a bridge between synthetic chemistry and synthetic biology. Dynamic foldamers also display the selective responses to competing interactions in a mixture of components, and further developments in this area could see information not only communicated by foldamers but processed by them as well. 94 
